To investigate the mechanism underlying postischemic cardiac dysfunction (myocardial stunning), contractility and adenine nucleotide metabolism were studied in three groups of isolated perfused rabbit hearts (control, ischemic, and reperfused), whereas Ca2`uptake by the sarcoplasmic reticulum (SR) was measured in homogenates obtained from them. The hearts were Langendorff-perfused as being the major mechanism underlying postischemic myocardial dysfunction. The hypothesis that a decrease of ATP levels underlies stunning has been tested in a number of studies, and the conclusion has been reached that the ATP levels and the available free energy during reperfusion after short ischemia are sufficient to sustain the energetic needs of contraction.12 It is found that ATP levels can recover to near normal values without improvement in contractility. Conversely, contractility can be made to increase during stunning,13 even in the presence of decreased ATP levels. Finally, recent studies of mitochondrial function, including one from this laboratory,14 suggest that mitochondria isolated from stunned hearts retain normal function. Thus, research efforts on the mechanisms of myocardial stunning now focus on a possible abnormality of the excitation-contraction coupling. Among the cellular organelles whose altered functions might account for the contractile deficiency in stunned hearts are the sarcoplasmic reticulum (SR), the contractile myofilaments, and the cell surface membrane. The discovery of a Ca21 overload during ischemia and/or reperfusion suggests that a deficient cellular Ca2' homeostasis may be the major characteristic of an abnormal excitationcontraction coupling in stunned myocardium.15"6 Because of its role in intracellular Ca2+ regulation and in excitation-contraction coupling, the SR has been sugby guest on November 12, 2017
D uring reperfusion after short periods of myocardial ischemia, a condition called "stunning" occurs in which cardiac muscle is not irreversibly injured but its contractile function remains decreased for hours or days before complete recovery.1-3 The mechanisms underlying myocardial stunning remain unknown. At the cellular level, two major changes have been shown to occur in reperfused myocardium: 1) Intracellular levels of ATP decrease during ischemia (for review, see Reference 4), and although there is a resynthesis of the nucleotide during reperfusion, a decreased level of cellular ATP may persist for a long time in stunned myocardium.56 2) Although earlier studies have indicated that the cellular content in Ca2+ increases during reperfusion,7-9 recent studies suggest that the intracellular free Ca2+ concentration increases during ischemia and returns to the control level on reperfusion.'01' Changes of either or both ATP and intracellular free Ca2+ concentration have been invoked as being the major mechanism underlying postischemic myocardial dysfunction. The hypothesis that a decrease of ATP levels underlies stunning has been tested in a number of studies, and the conclusion has been reached that the ATP levels and the available free energy during reperfusion after short ischemia are sufficient to sustain the energetic needs of contraction.12 It is found that ATP levels can recover to near normal values without improvement in contractility. Conversely, contractility can be made to increase during stunning,13 even in the presence of decreased ATP levels. Finally, recent studies of mitochondrial function, including one from this laboratory,14 suggest that mitochondria isolated from stunned hearts retain normal function.
Thus, research efforts on the mechanisms of myocardial stunning now focus on a possible abnormality of the excitation-contraction coupling. Among the cellular organelles whose altered functions might account for the contractile deficiency in stunned hearts are the sarcoplasmic reticulum (SR), the contractile myofilaments, and the cell surface membrane. The discovery of a Ca21 overload during ischemia and/or reperfusion suggests that a deficient cellular Ca2' homeostasis may be the major characteristic of an abnormal excitationcontraction coupling in stunned myocardium.15"6 Because of its role in intracellular Ca2+ regulation and in excitation-contraction coupling, the SR has been sug-gested to undergo damage on reperfusion after ischemia and to become incapable of assuming its Ca2' release and uptake functions. Evidence has been provided in various studies for a decrease of SR Ca2' uptake in ischemic hearts. [17] [18] [19] [20] [21] [22] [23] Since the net Ca21 uptake in the SR is a result of the activity of Ca2+-ATPase and of the SR Ca2+-release channel, an abnormal Ca21 uptake may be the result of the dysfunction of either or both structures. The effect of ischemia on the SR Ca 2+_ release channel remains unclear. In one study, the observed decrease of Ca21 uptake in ischemia has been associated with an enhanced Ca21 loss by the Ca21 release process23; in another investigation, the ryanodine-or ruthenium red-induced Ca 2+ uptake was reduced by ischemia or reperfusion. 24 The 
Materials and Methods

Contraction Studies
The preparation used was the isovolumetric, Langendorff-perfused rabbit heart. New Zealand White rabbits weighing 2-3 kg were premedicated with fluanisone (2 mg/kg) and fentanyl (0.04 mg/kg) injected intramuscularly and were anesthetized with sodium pentobarbital (25 mg/kg i.v.). Tracheotomy was performed under local anesthesia (with 1% s.c. lidocaine) to allow tracheal intubation. Mechanical ventilation was started after curarizing the animal with pancuronium (0.1 mg/kg i.v.). The blood was heparinized (250 units/kg i.v.), and via a left thoracotomy, the heart was excised and placed in cold (4°C) Krebs-Henseleit solution. After cannulation of the aorta, the heart was immediately flushed with a similar solution and then suspended within the perfusion system. The time elapsed between the excision of the heart and the beginning of perfusion was usually approximately 3 minutes.
A modified Langendorff isolated heart system was used in the study. The perfusate was pumped from a reservoir through a blood transfusion filter (pore diameter, 20 ,m; Cobe Laboratories, Colorado) to the perfusion column. The heart was perfused via the cannulated aorta with a constant perfusion pressure of 60 mm Hg. To obtain isovolumetric contractions, a latex balloon filled with fluid was inserted in the left ventricular cavity via At the end of the contraction studies, the hearts were removed from the perfusion system and were placed in ice-cold 0.9% NaCl for trimming of atria, large vessels, and fat. Ventricular muscles were minced with scissors and homogenized for two 8-second periods in 5 vol of 20 mM imidazole (pH 7.0), 0.6 M KCI, and 5 mM sodium azide (NaN3) using a Polytron homogenizer (Kinematica, Switzerland) with a PTA lOS probe at setting 6. A high concentration of KCl was used during homogenization to provide homogenates with stable and improved Ca2+ uptake activity. 29 The homogenate was filtered through two layers of cheesecloth and immediately assayed for Ca2+ uptake. Ca2+ uptake assays were completed within 50 minutes after homogenization. Within this time, there was only a slight decrease in uptake (average, 4-8%; n=3) both in the absence and presence of ryanodine.
Calcium uptake by SR vesicles was measured at 37°C with a filtration technique essentially similar to the one described by Solaro Ventricular transmural tissue specimens were taken at the end of each contraction experiment (after control perfusion, after 15 minutes of ischemia, or at the end of the reperfusion). The tissues were cooled immediately in liquid nitrogen and stored therein (at <-180°C) until the time of analysis. After lyophilization, neutralized perchloric acid extracts of the tissues were prepared and were used for the determination of ATP and its metabolites; high-performance liquid chromatography was used as described previously. 14 
Experimental Protocol
Hearts were divided into three groups. In the nonischemic control hearts (group 1), perfusion with KrebsHenseleit solution was carried out for 90 minutes without ischemia. In group 2, the normal perfusion lasted 75 minutes and was followed by 15 minutes of ischemia. In group 3, normal perfusion was carried out for 65 minutes and was followed by 15 minutes of ischemia plus 10 minutes of reperfusion. Thus, a total perfusion time of 90 minutes was allowed in all groups to ensure that any change observed after ischemia or reperfusion was not the result of a simple run-down of the preparation with time. Global total ischemia was produced by closing the perfusion line with a manual three-way valve. During ischemia, the heart was maintained at 37°C by enclosing it in a water-jacketed air chamber, the top of which was sealed with Parafilm (American National Can, Greenwich, Conn.). Some solution kept in the lower part of the chamber (without immersing the heart) saturated the air with humidity and prevented cooling of the heart by evaporation. After 3-10 minutes of reperfusion, developed LVP was significantly decreased compared with preischemic values in the same hearts and also compared with hearts normally perfused for the same total time ( Table 1) . The decrease in developed LVP was due to both a fall in systolic pressure and a slight rise in diastolic pressure. Similarly, both maximum positive and negative values of LV dP/dt were decreased. In the same preparations, the heart rate was not significantly different from preischemic values, whereas the coronary flow rate was still increased compared with preischemic levels because of a very slow rate of decay of reactive hyperemia. Adenine Nucleotide Metabolism
Purine metabolism was investigated in the same preparations used for contraction and Ca2' uptake studies (Table 2) . ATP levels declined during ischemia, as expected, but were restored to near control values with 10 minutes of reperfusion. ADP levels were unchanged during ischemia but were decreased during reperfusion, probably as a result of increased rate of ATP resynthesis. The other substances, the concentrations of which changed during ischemia, include AMP, adenosine, inosine, hypoxanthine, and GTP. The concentrations of AMP, the two bases, and hypoxanthine were increased 15 minutes of ischemia showed a decreased Ca2' uptake rate, especially at higher Ca2+ concentrations (0.5-5.0 ,uM). Ca21 uptake in SR from reperfused hearts had a tendency to be decreased compared with the uptake in control hearts, but changes were not significant at any Ca2+ concentration tested. Data on kinetic parameters of Ca2+ uptake obtained by nonlinear regression analysis of Ca2' dependence of Ca2+ uptake rates using the Hill equation are presented in Table 3 . Maximum velocity of Ca 2+ uptake after ischemia was decreased to 74% of control value. However, Kca and Hill coefficient n were not different from control values. Thus, the changes during ischemia were due to a decrease of maximal Ca2+ uptake without a change in the ability of Ca2+ to activate this process. In reperfused hearts, Vm,,x for Ca2+ uptake was slightly and not significantly decreased, and values of KCa and n were identical with control values.
To test for the contribution of a ryanodine-sensitive fraction to the total SR Ca`u ptake and to assess the l* * possible role of the Ca2'-release channel in the effect of ischemia, we measured Ca2' transport after the incubation of homogenates with 610 /LM ryanodine to block the SR Ca2'-release channel ( Figure 2B , Since the difference between Ca 2+ uptakes in the v. preischemic value.
absence and presence of ryanodine probably results (Figure 3 ). There were no statistically significant changes in the ryanodine-sensitive Ca'+ uptake in ischemic and reperfused hearts when compared with control hearts at any Ca2+ concentration. The relative increase in Vm,, of Ca2+ uptake by ryanodine was 57+13.8%, 50±13.6%, and 54±6.9% for control, ischemia, and reperfusion, respectively.
Discussion
The purpose of this study was to test the hypothesis that damage to the SR occurs during ischemia and reperfusion and mediates postischemic contractile dysfunction. The 15-minute ischemic period used in the present study has been shown to result in significant postischemic depression of cardiac function during reperfusion of hearts perfused according to the working model.14 The present results in isovolumetric hearts confirm this finding, since contractile parameters at 10 minutes of reperfusion remained significantly low compared with preischemic or control levels. No morphological studies were carried out in the present study to ascertain the lack of irreversible cellular damage. However, after 10 minutes of reperfusion, the content of ATP, which had decreased markedly during ischemia, was restored to values similar to control levels. This is consistent with previous studies showing recovery of The persistence of contractile dysfunction in the presence of quasi-normal ATP levels and of a normal mitochondrial function suggests that the energy supply is not a limiting factor in stunning.12 As stated in the introduction, the existence of an abnormal Ca 2+ homeostasis in stunned myocardium has led to the suggestion that the SR function may be deficient during reperfusion. In the present study, we compared the Ca 2 uptake capability of the unfractionated homogenates obtained from normal hearts from preparations subjected to 15 minutes of ischemia and from hearts reperfused for 10 minutes after the 15-minute ischemic period. For the characterization of SR function, we have used the measurement of Ca21 uptake in heart homogenates at conditions that restrict Ca2+ transport to SR vesicles. 30 The validity of this method has been confirmed in several studies. 21"23,2834 Moreover, the use of homogenates may have some advantage over that of isolated SR vesicles, since Rapundalo et a121 have shown that SR isolated from ischemic myocardium is not representative of all SR because of a loss of greater portions of undamaged SR during subcellular fractionation after ischemia. The results show a decrease of Ca2+ uptake during ischemia. This decrease was observed in the homogenates incubated in the absence or presence of ryanodine (see Figure 2) . The ryanodine concentration used should be sufficient to block all SR Ca2+-release channels, and this block probably accounts 
